A direct, non-radioactive method of quantitative PCR amplification has been investigated for the diagnosis of deletion and duplication carriers in the dystrophin gene. The simultaneous amplification of two loci, or several loci using multiplex PCR, allows for the direct comparison of relative amounts of products from normal homozygous loci and potentially heterozygous deleted/duplicated loci. Sufficient cycles of PCR are performed to enable visual analysis or densitometric quantification of products on ethidium bromide stained gels. The method has been verified in blind trials performed on known genotypes and by showing that under the conditions used the assay remains within the exponential phase of amplification.
methods, and they cannot therefore be applied to banked DNA. The method of whole cosmid hybridisation is performed on standard DNA samples, but this test is restricted to regions of the 2-3 Mb gene for which a series of fully characterised, overlapping cosmids are available, and is therefore at present only applicable to a limited number of deletions.
The standard method of diagnosing deletions has been Southern analysis with a series of cDNA probes each of which hybridises to between seven and 12 restriction fragments in a normal genotype. Quantitative analysis of Southern hybridisation,'2 based on dosage differences observed between control loci and deleted loci, is the most widely used method for carrier detection, but this is also a technically demanding procedure for routine use. Meticulous care is required at all stages of the procedure in order to obtain blots of sufficiently good quality for reliable dosage analysis. Each sample should be analysed at least in duplicate with different restriction enzymes, along with adequate controls, and Prior et al13 have estimated that approximately 20% of analyses need to be repeated in order to achieve blots of the required quality. Although experienced analysts will often be able to distinguish between the 2:1 dosage ratio (control locus:deleted locus) observed in carriers and the 1:1 ratio in normals by visual inspection of an autoradiograph, densitometric quantification may be essential for detecting the 2:3 ratio expected in female duplication carriers. Where several hybridising fragments are analysed, as in the case of cDNA probes, observing a reduction in the intensity of bands that correspond with the deleted bands seen in the affected member of a family provides convincing evidence of the carrier status for a female. However, an apparent 1:1 ratio cannot be taken as an absolute indication of non-carrier status, since one of the many experimental variables may have prevented the autoradiographic signal giving a truly quantitative representation of genotype. Experimental data on the magnitude of these error rates, as observed with known genotypes, are not available.
There is increasing use of multiplex PCR, amplifying several exons simultaneously in a reaction, for deletion diagnosis. Previous reports on quantitative PCR have suggested that to ensure a standard reaction remains in its exponential (and hence quantitative) phase a limited number of cycles must be used which will not produce sufficient product to visualise on ethidium bromide stained gels. A PCR technique has been reported by Gilliland et al14 for quantifying the genomic copy number of the granulocyte-macrophage colony stimulating factor (GM-CSF) gene. This involved the competitive amplification of a cDNA sequence with its genomic DNA sequence that differed by possessing a small intron. Since the two templates were essentially the same, the relative amplifications of the two sequences remained constant for sufficient PCR cycles to visualise the products with ethidium bromide. This technique requires an initial accurate spectrophotometric determination of DNA concentrations. It would not be applicable in the dystrophin gene where introns are large and constitute 99% of the total sequence.
A PCR technique has been applied to carrier determination in DMD/BMD'3 which uses an alternative method of detecting products from a limited number of amplification cycles, thereby ensuring the reaction has remained in its exponential phase. This involved the simultaneous amplification of potentially deleted and control loci, electrophoresis and Southern blotting of PCR products, followed by hybridisation with radioactively labelled allele specific oligonucleotides, and densitometric analysis of the resulting autoradiographs. An alternative method involves the use of fluorescently labelled primers in a reaction, which can be detected and quantified electronically, using, for example, an automatic sequencing machine. 15 These methods either complicate the basic PCR technique or require expensive equipment that will not be available to the majority of diagnostic laboratories. We have investigated a simpler, more direct, non-radioactive method of quantitative PCR amplification from genomic DNA, and determined the accuracy of the procedure before its application in the diagnosis of potential female carriers of DMD/BMD. for three minutes, with a final extension of 72°C for five minutes.
Methods

INCORPORATION OF LABEL IN PCR
In order to plot the progress of PCR amplification, a DNA sample from a normal female was amplified with a 5' multiplex reaction (see test 3 below) for varying numbers up to 33 cycles of PCR. The amplifications were performed under the precise conditions as used for the assays described below, with the inclusion of 2 pl of [a -32p] dCTP (1O mCi/ml, 3000 Ci/ mmol) radioactive label in each reaction. The proportion of label incorporated into the PCR products was measured by the method of differential trichloroacetic acid precipitation'6 and quantification in a scintillation counter. Results were plotted against cycle number.
ASSAYS FOR CARRIER STATUS
Blind trials were performed on genomic DNA samples of known genotype in order to ascertain error rates for the methods. Samples were taken from females known to carry a deletion within the dystrophin gene (as a consequence of having a family history of the disease and themselves having at least one affected son with a deletion) and from presumptively normal homozygous females (colleagues, and relatives of cystic fibrosis patients). Samples were coded by a colleague before three independent experiments.
A fourth experiment was performed in order to assess the ability of the PCR technique to detect carriers of duplications. Samples were analysed from nine members of a large family (P.18317) in which the affected boy had a duplication of exon 17. The samples consisted of four non-carriers, five carriers, and one affected male. The carrier status of females in this family had previously been ascertained by quantitative Southern cDNA hybridisation, linkage analysis with polymorphic markers that closely flank the mutation, CK measurements (unpublished data), and amplification of reverse transcribed mRNA,8 all of which gave concordant diagnoses.
Test 1
Nine samples from normal females and 11 samples from DMD carriers known to be heterozygous for deletions within the central deletion 'hotspot' were subjected to the simultaneous amplification of two loci, a test locus (exon 47) for which the DMD carriers were known to be deleted, and a control locus (exon 13 or 9) which was assumed to be present in the normal two copies in all samples. Each sample was amplified in triplicate, initially with primers for exon 47 and exon 13 (series la), and then again (after recoding) in triplicate with a different pair of primers for the amplification of exon 47, along with exon 9 (series lb). Primer sequences were designed using the published cDNA sequence '7 45 (also known to be deleted in the group of carriers) and exon 3 as a control, and determining the status of these four samples by taking the majority result (of either carrier or noncarrier) from the three series of tests ( The second and third tests used two PCR multiplex reactions that are routinely used for the detection of deletions in affected patients. 20 The presence of several PCR products within a multiplex reaction facilitates comparison of relative product intensities making the visual interpretation of dosage relatively straightforward for experienced analysts. Deletions involving a single exon within a multiplex reaction are less obvious than deletions of more than one exon (although two cases of single exon deletion carriers were correctly identified in the tests).
The carrier status of all 40 samples (20 analysed with each multiplex reaction) was correctly determined by all three investigators. The typing was performed with no knowledge of the extent of the deletions being analysed. With the 3' multiplex reaction (test 2) it was possible for all three investigators to type correctly which exons were deleted in each carrier. This was not the case with the 5' reaction (test 3), although all investigators did correctly ascertain the carrier status for the 20 samples. The mistypings in the extent of deletions were thought to be the result of the greater separation of some products on a gel making comparative analysis of bands within a track more difficult, as compared with the more evenly spaced products from the 3' multiplex. However, the mistyping by all three investigators of the extent of deletion of one sample (sample 14, fig 4) is thought to have resulted from an inherent failure in the PCR method rather than investigator mistyping. The weak amplification of the exon (in both the carrier mother and her affected son) may have resulted from a sequence variation within one of the priming sites reducing effective priming at this locus.20 22 Mistyping the extent of a deletion in a carrier would not be a problem for the majority of diagnoses since a sample is available from an affected male in approximately 80% of families (unpublished data), and the size of deletion being tested for will be known. In the remaining 20%, quantitative multiplex PCR can be used as an initial test, but should be supplemented by another method to confirm the results. Similar confirmation of multiplex dosage analysis should also be sought in the 28% of deletion cases that involve the absence of a single exon product,20 rather than relying on quantitative estimation of that single PCR product.
The ability of the PCR technique to detect duplications has also been shown. Since a 2:1 ratio is readily observed on multiplex PCR in female deletion carriers, it should also be possible to detect the 1:2 ratio expected in male duplication carriers. The ability to detect an extra 6% of mutations4 would be of benefit in the genetic counselling of these families. Detection of female duplication carriers would require quantitative densitometric analysis for reliable interpretation of amplification products.
Here we have shown that the PCR technique can be used quantitatively without the complex procedures that were previously thought to be necessary. Under the conditions described, at 23 cycles of PCR amplification the reaction was shown to be within the limits of the exponential phase, and dosage was readily visualised at that stage.
Two factors affect the accuracy of quantitation in a PCR amplification. Firstly, the relative amplifications of products to be compared should be proportional to the original template. In a multiplex reaction this depends on all primers being present in equal molarities and optimising the annealing temperature to ensure even amplification of all loci. The products of amplification should also be assayed at a stage where no component of the reaction is limiting (dNTPs, primers, and especially enzyme) nor inhibitory (for example, accumulation of product).23 Secondly, the accuracy is dependent on the sensitivity of the assay used. Accurate quantification of ethidium bromide staining is critically dependent on the amount of DNA loaded onto a gel. Overloading of products results in increased intensity of bands and markedly reduces the ability to distinguish differences in dosage. Thus to ensure a quantitative assay the amount of product loaded on a gel should be limited, and gels should be of optimum quality, with sharp, straight bands of equal thickness. Other assays such as those that use fluorescence for product detection may have a better range of sensitivity, but the technical equipment required will not be available for many laboratories.
The methods reported here can in principle be applied to any given locus for quantification of genomic copy number, provided sufficient sequence data are available. Provided rigorous controls are used, we conclude that this direct quantitative PCR technique can be a reliable method for diagnosing carriers of deletions and duplications in the dystrophin gene.
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